The work presented in this paper details both an experimental program and an associated numerical modeling effort to characterize and predict the ballistic response of S-2 glass/SC15 epoxy composite panels. The experimental program consisted of ¼ inch diameter soft carbon steel spheres impacting ¼ and ½ inch thick flat composite panels at velocities ranging from 220 to 1570 m/s. High speed cameras were used to capture the impact event and resulting residual velocity of the spheres for each test configuration. After testing, each panel was inspected both visually and with ultrasonic C-scan techniques to determine the extent and depth of damage imparted on the panel by the impactor. The numerical modeling efforts utilized the anisotropic multi-constituent composite model (MCM) within the CTH shock physics hydrocode. The MCM model allows for evaluation of damage at the constituent level through continuum averaged stress and strain fields. The model also accounts for the inherent coupling of the equation of state and strength response that occurs in anisotropic composite materials. Finally, the simulation results are compared against the experimentally measured residual velocity as a quantitative metric and against the measured damage extent and patterns as a qualitative metric. The comparisons show good agreement in residual velocity and damage extent.
Introduction
Quantifying and simulating the high-velocity impact response of composite materials is critical for engineers and structural designers who are seeking to improve composite structures and/or armor for military, aerospace and commercial applications. Not only is the conventional go/no-go metric for impact penetration an important metric for many of these material applications, the ability to understand and predict the extent of the damage caused by these impacts is also critical for conditions such as multiple impacts [1] [2] [3] [4] [5] . Knowledge of imparted post-impact damage is essential as it relates to stiffness and strength degradations that may reduce the penetration resistance for subsequent impacts. Therefore, in order to accurately predict the response of composite materials to multiple impact scenarios one must be able to predict the damage extent and mode resulting from the initial impact event. The damage imparted from a ballistic impact on a composite material manifests in various modes such as, but not limited to, fiber failure, matrix cracking, delamination and fiber pull-out [6] . Any numerical model chosen to simulate the impact damage event should then be able to capture those modes which are considered central to damage evolution.
In contrast to a large extent of previous work where Lagrangian finite element methods have been utilized to predict penetration and damage in composite materials [2-4, 7, 8] , this work focuses on the use of an Eulerian hydrocode as the computational method for the penetration and damage predictions. The CTH hydrocode [9] was chosen for these efforts based on its ability to model the large deformations and strong shock conditions that often arise in hyper-velocity impact conditions, which are the over-arching focus of this work. CTH was also chosen for its numerical formulation which, in contrast to most traditional finite element methods, conserves mass, momentum and energy. The conservation of energy is a key capability for impact problems where the performance of the impactor and target materials are strongly dependent on their fracture modes and associated energy dissipation. Another fundamental aspect of CTH is the requirement that a non-linear solid equation of state (EOS), such as Mie-Gruneisen [10] , can be specified. This capability becomes a dominant material response variable under the previously mentioned hyper-velocity impact conditions where pressures in the materials can reach tens of GPa or higher.
This paper details both an experimental program and a numerical modeling effort which evaluate the impact response and damage evolution of an S-2 glass/SC15 epoxy woven fabric composite material. The experimental program initially conducted flyer plate testing using the 89 mm bore powder driven gas gun at the Sandia National Laboratories STAR facility to determine the directional EOS parameters of the S-2 glass/SC15 composite. In order to capture the directional EOS response, the flyer plate testing was conducted with the specimens oriented such that the shock propagation was directed along both the longitudinal and transverse orientations independently. Once the composite material EOS parameters were characterized, both the single and two-stage gas guns at the STAR facility were used to launch steel spheres at velocities up to 1570 m/s at 8 × 8 inch composite panels in order to capture the penetration event and damage extent. Finally, the post-impacted panels were evaluated using ultrasonic C-scan techniques to quantify the level and extent of damage induced by the impact event.
The subsequent analytical program exercised the multiconstituent composite model (MCM) [11] within CTH to predict both the residual velocity and the associated damage extent of each tested impact condition. The MCM model was chosen as it provides a continuum averaged constituent level view of the stress, strain and damage response of the composite material, which is critical for progressive damage predictions.
Experimental Testing
Ballistic impact tests were conducted to determine both the go/no-go response of the composite material and also to generate damage patterns which could be compared to model predictions. All testing was conducted at the Sandia National Laboratories STAR facility using the Terminal Ballistics Facility light gas gun operating in both single and two-stage modes.
Materials Used for Testing
The target materials for all testing performed in this study were comprised of S-2 glass/SC15 epoxy composite. The material is comprised of single S-2 glass fibers of approximately 4-5 µm diameter grouped into warp and weft bundles. These are then woven into a fabric sheet and impregnated with SC15 epoxy. Individual sheets (plies) are stacked and pressed before heating to cure the epoxy. Bundles in the final composite are approximately 2-4 mm wide (depending on location in the weave) and 0.3-0. 4 3 . Panels were produced as 24 × 24 inch squares. These were sectioned into nine 8 × 8 inch test articles. In Table 1 , the panel ID number includes the original panel number and a letter indicating the sub-section. Letters (A-I) were assigned left to right and top to bottom across the original face of the target panel. Based on the test data, no differences in response were observed based on source panel location.
The impactors for all tests described here were ¼ inch diameter soft carbon steel (type 1018) spheres. Spheres were obtained commercially from Bal-tec.
Equation of State Testing
Prior to conducting the tests described above, the S-2/ SC15 composite material was tested to determine the equation of state [12] . The key results of the study are summarized here for completeness.
A series of plate impact tests were conducted using copper impactors at velocities between 0.5 and 2.0 km/s. S-2/SC15 composite targets were impacted in two orientations; fibers running in the direction of the shock (longitudinal) and fibers running transverse to the shock (Fig. 1) . Because of the fiber weave, there were transverse fibers present in the longitudinal testing. Results were analyzed to determine the shock response in both directions.
Results indicated that for shocks along the fiber direction an elastic precursor is observed followed by a bulk shock wave. The elastic precursor is not observed in the transverse direction. The shock velocity-particle velocity relationship is shown in Fig. 2 for both orientations. There is significant scatter in the results which is attributed to both heterogeneity due to the nature of the fiber weave and voids which comprised up to 1% by volume of the samples. Results are remarkably similar for both orientations in contrast to previously studied unidirectional carbon fiber 
Ballistic Testing Experimental Setup
A single 8 × 8 inch composite panel was mounted in a test fixture for each test as shown in Fig. 3 . The test panel was mounted using pairs of polycarbonate strips with very light clamping provided by loosely taping two strips together to approximate an unconfined panel (no edges of the panel were rigidly confined). Upon impact, the panel is allowed to move with very little force. Panels were mounted such that impact was intended to be in the center of the panel. In most cases, impact was within a few sphere diameters of the center. The test fixture is designed to minimize secondary impact of the composite panel while maintaining a nearly unconfined panel.
For each test, a single sphere was mounted in a two-part sabot. The sabot is launched at the desired velocity and then separated aerodynamically by introducing a small atmosphere in the experimental range and stripped by steel barriers. This results in only the sphere traveling down range and impacting the composite target. The sphere passes through a Magnetic Velocity Induction System (MAVIS) [14] , an external magnetic field and a pair of pickup coils, prior to impact to determine the impact velocity.
The impact event is monitored with high speed video. A Shimadzu HPV-2 camera and a Phantom V2511 camera both running at 200,000 frames per second were used. The combination of cameras resulted in an excellent field of view on both sides of the composite plate. Both cameras were set up with a view orthogonal to the flight line of the projectile. Lighting for both cameras was provided by Cordin xenon flash lamps. Impact velocity can be redundantly determined from the video results as well as rebound or penetration velocity, if present.
Ballistic Testing Experimental Results
A total of 15 shots were conducted. Details of each test are summarized in Table 1 . The shot number is the sequence number of the particular test. The panel ID number identifies the specific target as described above. Layup, either [0/90] or quasi-isotropic [0/90/+ 45/− 45] indicated as "quasi", and the number of plies is the original manufacturing data. Thickness was measured at five locations on the target and averaged. Density was determined using the measured mass and dimensions of the panel. Impact velocity shown is taken from the MAVIS data as it is more precise than velocities determined from high speed video. Velocities determined from the videos agreed with the MAVIS velocity in all cases within the respective measurement precisions. Residual velocities are determined from the high speed video. Negative values indicate the projectile rebounded from the target, while values of zero indicate the projectile remained embedded in the target. On shot 58, the lighting for the high speed video did not trigger resulting in no video data. The recovered panel for this test was studied for damage and indicated no penetration. Also, the projectile was recovered from the experiment chamber, not embedded in the composite panel, suggesting a rebound.
Following each test, the composite panel was recovered. Post shot analysis was conducted to determine the extent of damage resulting from the impact. Two methods were used to evaluate damage to the panel; backlighted photography and ultrasound tomography.
Backlight photography consists of placing the recovered test panel on a lighted surface. Photographs are taken from the non-lighted side. Light that passes through the test panel is captured in the photos. Damaged regions scatter light more than intact regions, thus an integrated damage pattern can be observed. An example of a backlit panel is shown in Fig. 4a , where one can see a larger diameter lighter colored circular area of delamination and resin damage and a smaller diameter nearly opaque region near the center where large amounts of fiber damage are observed. This approach results in an integrated view of the damage as there is no way to discriminate depth of damage from the results. Therefore, the important metric from the backlit photographs is the lateral extent of damage.
Ultrasound tomography was also used to evaluate damage present in the panels. This technique uses sounds waves to probe internal damage. For these tests, transducer frequencies of 1.0-2.3 MHz were used. For each measurement, a The transducer emits sound waves which enter the sample. Sound waves will reflect off any area with an abrupt change in acoustic impedance. In undamaged samples, reflection typically occurs at the rear surface. However, if damage is present, sound waves will reflect from the first damaged region encountered. Thus, using this technique, depth of damage can also be determined. However, if varying degrees of damage are present, only the first damage layer will be observed. Subsequent layers are hidden from view. This limitation was deemed acceptable for this study. Each panel was scanned across the entire face resulting in C-scan images such as shown in Fig. 4b , where for this particular panel the red/orange regions represent the full thickness or backwall of the panel corresponding to the ~ 0.22′′ panel thickness, while the dark blue region indicates damage measurements at a depth of 0.08″ from the measurement surface. The reddish areas randomly distributed around the periphery of the panel indicate surface scattering due to roughness inherent in the composite material and not damage.
Numerical Modeling
The anisotropic constitutive model used for simulating the experimental impact conditions detailed previously was the multi-constituent damage model (MCM) [11] within the shock physics hydrocode CTH [9] . CTH is a multi-material, large deformation, Eulerian solid mechanics hydrocode developed at Sandia National Laboratories. CTH was originally developed around the assumption of isotropic behavior for all materials. This assumption allows the spherical and deviatoric responses of the material to be uncoupled. The spherical or pressure response of a material is represented through an equation of state (EOS) which is traditionally independent of the constitutive strength model. However, for anisotropic materials these responses cannot be uncoupled and a coupled EOS and strength model such as MCM must be utilized. In what follows we provide a high level overview of the MCM strength model and the associated anisotropic EOS coupling.
MCM Overview
The CTH-MCM model is a composite strength and damage model which calculates volume averaged stress and strain fields for each of the constituents which compose a composite material. Numerical decomposition schemes have been developed for the CTH-MCM model for both 2-constituent unidirectional composites [15, 16] , where the comprising constituents are the fiber and resin, and also for 3-constituent woven fabric composites [17, 18] where the comprising constituents are the warp fiber tows (0°), weft fiber tows (90°) and the interstitial resin pockets. Here we focus on the 3-constituent decomposition consistent with the tested S-2 glass/SC15 composite architecture.
Prior to providing the decomposition relationships, it is first noted that MCM is based on the definition of a continuum point where it is assumed that the basic representative volume element (RVE) of the woven fabric microstructure exists at each point within a structure. For the woven fabric composite architecture, the most basic RVE is show in Fig. 5 , where the warp bundles are shown in white, the weft bundles are shown in orange and the interstitial resin pockets have been removed for clarity.
The decomposition scheme for the 3-constituent woven fabric architecture is simply successive applications of the 2-constituent decomposition scheme. Therefore, we begin with the basic 2-constituent decomposition scheme.
Considering a continuum comprised of 2-constituents, the volume averaged composite (homogenized) stress field at each continuum point is calculated by summing the volume averaged stress for each of the constituents which comprise the RVE as given in Eq. (1).
In Eq. (1), α i is the volume fraction of constituent i. Assuming a linear elastic constitutive relationship for the composite and its associated constituents and combining this with Eq. (1), the isothermal decomposition relationship given in Eq. (2) can be derived which calculates the volume averaged strain field for the "1" constituent under the 2-constituent assumption. A complete description of this derivation can be found in Garnich et al. [15, 16] Equation (2) allows the volume averaged continuum strain field in the "1" constituent to be calculated based on knowledge of the volume averaged composite strain field, the constituent volume fractions and the stiffness matrices of the composite and its corresponding constituents. Once the strain field in the "1" constituent is calculated, the strain in the "2" constituent can be determined using simple volume fraction weighting as shown in Eq. (4).
Finally, the composite and constituent volume averaged stress fields can be calculated using their assumed corresponding linear elastic constitutive relationship.
As noted previously, the presented 2-constituent decomposition relationships are applied successively to obtain the stress and strain fields for each of the 3 constituents in the 3-constituent plain weave microstructure. Specifically, the first application decomposes the composite into the interstitial resin pockets and a sub-composite defined as the combination of the warp and weft fiber tows. A second application of the algorithm then decomposes the sub-composite into the individual warp and weft fiber tows. For clarity, a schematic of the successive application of the 2-constituent decomposition procedure for the woven fabric composite microstructure is shown in Fig. 6 .
It is also noted that the previous decomposition relationships require a consistent set of composite and constituent material stiffness matrices. In order to ensure this consistency, these matrices were derived from detailed finite element micromechanics models which were loaded with judiciously applied boundary conditions prior to execution of the model.
MCM Damage Criterion
The woven fabric failure criterion within the MCM model treats each of the fiber tows as individual unidirectional composites where the transversely isotropic failure criterion developed by Hashin [19] can be applied. The primary difference between the criteria in MCM and Hashin's original criteria is that the criteria in the MCM model is applied to the individual anisotropic constituents (fiber tows) rather than the composite itself. The MCM model also allows the criteria to be evaluated as stress-or strain-based depending on the user's selection. Previous work [20, 21] revealed that the use of a strain-based criteria is most suitable for the MCM model under these types of loading conditions. Therefore, in what follows we express all criteria as strain-based.
For brevity, we do not provide a detailed development of the constituent failure criterion here. Rather, we provide the final forms of the criterion with a brief description of each parameter. The interested reader is referred to [17, 18, 22] for a detailed development of these criterion.
The fiber tow failure criteria for the modes controlled by fiber failure are given in Eq. (5), where I 1 and I 4 are the first and fourth transversely isotropic strain invariants [22] , respectively. In Eq. When damage is predicted to occur according to these criterion, the MCM model introduces nonlinearities to the composite and constituent response through material stiffness property degradation. This degradation occurs in a manner consistent with the mode of damage predicted and is kept consistent with the degraded composite stiffness matrix through the finite element based micromechanics models run a priori. For the simulations presented herein, when the matrix constituent within a fiber bundle of the woven fabric microstructure was predicted to fail the matrix stiffnesses were assumed to instantaneously degrade by 20%, while when the fiber constituent was predicted to fail the fiber stiffnesses was degraded by 99%. 
Anisotropic Coupling
Hydrocodes such as CTH traditionally divide the response of a materials into two components: a hydrodynamic (pressure) component and a deviatoric strength component. For isotropic materials this partitioning is uncoupled and given by Eq. (7) where P is the hydrostatic pressure, S ij is the deviatoric stress tensor and δ ij is the Kronecker delta function.
For anisotropic materials such as the woven fabric composite considered in this work, the hydrodynamic and deviatoric response are coupled and so Eq. (7) is no longer valid. This means that the application of a hydrostatic pressure to an anisotropic material will induce not only a volume change but also a shape charge (deviatoric response) and vice versa for an applied deviatoric loading. To account for this coupling the stress tensor from Eq. (7) can be rewritten in a form like that given in Eq. (8) where P(S ij ) is the coupling term between the hydrodynamic and deviatoric response.
The MCM model uses the anisotropic coupling method of Lukyanov [23, 24] as given in Eq. (9). In Eq. (9), the generalized "pressure" term is defined as a tensor which maintains all physical properties inherent to hydrostatic pressure for isotropic materials; i.e. a change in generalized "pressure" only induces a change in volume. The first term within the brackets on the right-hand side of Eq. (9) is the scalar pressure term where P EOS is the conventional definition of pressure as determined by the chosen equation of state model and the tensors α ij and β ij are the coupling terms to the deviatoric response. Likewise, the corresponding generalized deviatoric stress tensor is defined as S ij which is defined in Eq. (10).
The deviatoric coupling terms in Eqs. (9) and (10) are a function of the material stiffness and compliance tensors of the anisotropic material and are defined in Eqs. (11) and (12) .
A detailed derivation of these coupling parameters can be found in Lukyanov [23, 24] .
Material Properties
The targeted stiffness parameters for the S-2 glass / SC15 woven fabric composite were taken from [5] . Using these targeted experimental stiffness parameters and the RVE micromechanics model shown previously in Fig. 5 , the constituent (S-2 glass fiber and SC15 epoxy resin) properties were initially estimated and then iterated upon until the resulting micromechanics stiffness parameters agreed with the targeted experimental values. Table 2 provides the targeted experimental values, the final fiber and resin stiffness values and the resulting micromechanics composite stiffness properties used in the CTH-MCM simulations.
The strength parameters for the S-2 glass/SC15 composite used in the CTH-MCM model were also determined using the finite element micromechanics model of Fig. 5 . Noting again that for the work presented herein the strain based failure criterion were utilized, the composite ultimate strengths provided in Gamma and Gillespie [5] were converted to strain assuming a linear elastic behavior up to the ultimate strength. These ultimate strengths and computed ultimate strain levels are given in Table 3 , where "T" signifies a tensile value and "C" signifies a compressive value. Individually applying these uniaxial strain ultimate levels to the finite element micromechanics model allowed for the determination of the tow level (fiber and matrix) strengths. The tow level ultimates are also provided in Table 4 .
Finally, given that the ballistic testing being modeled involved impacts where the transverse response of the (12) 
Numerical Results and Comparison to Experimental Testing
Numerical simulations were run using the CTH-MCM model on six of the experimental configurations detailed previously in "Ballistic Testing Experimental Setup". These six configurations were chosen as they represent each of the testing configurations. Specifically, the six configurations modeled covered both penetrating and non-penetrating conditions for cross-ply 
Residual Velocity
This primary model evaluation metric was the residual velocity of the spherical impactor. As noted previously, the residual velocity from the experimental testing was determined from the high-speed video. For the CTH-MCM model predictions the residual velocity was determined through a Lagrangian tracer placed at the center of the projectile. Both the experimentally measured residual velocity and the residual velocity predicted by the CTH-MCM model are shown in Table 5 .
The results in Table 5 show that the CTH-MCM model does a good job of predicting not only the penetrate/no-penetrate condition from the experimental testing, but also in predicting the residual velocity of the "penetrate" conditions. For the three configurations where the panel was defeated by the projectile, the predicted residual velocity of the projectile was predicted within 13% of the measured residual velocity from the experiments. The ~ ¼ inch cross-ply [0/90] and quasi-isotropic specimen simulations predicted residual velocities 13 and 12% lower than the measured value, respectively. The ~ ½ inch thick cross-ply specimen simulations predicted a residual velocity 12% higher than the measure residual velocity.
Damage Pattern and Extent
The second metric used to evaluate the correlation of the CTH-MCM model predictions with the experimental results was a qualitative comparison of the damage extent and pattern predicted by the model to those observed in the experimental specimens. The damage pattern and extent for the experimental specimens were evaluated using both an ultrasonic C-scan technique and visual examination of a photograph of the post-test specimen with back-lighting as discussed previously in "Ballistic Testing Experimental Setup".
The damage extent and pattern predicted by the CTH-MCM model is evaluated through plots of the predicted damage states which are shown in Fig. 7 . In order to compare the predicted complete through-thickness (integrated) damage extent a radiograph type image of the damage was produced using material filters. The images produced through this technique provide through-thickness damage envelopes that can be compared with the ultrasonic C-scan images.
The simulated panels have been divided into two groups for the results presentation and discussion that follows. First, the non-penetrated panels (50, 52 and 58) where the projectile is stopped by the composite panel are detailed followed by the penetrated panels (51, 53 and 49) where the projectile defeats the panel and exits with a residual velocity. It is noted here that the dimension in the scale for all CTH-MCM predictions are in centimeters while the dimensions for the ultrasonic C-scan images shown in the scale are inches. Non-Penetrated Panels Figure 8 shows a side by side comparison of a backlit photograph, C-scan image and the CTH-MCM predicted damage envelope for specimen 50. One thing to note from the experimental specimen for this particular test is that the projectile struck the panel off-center. However, the impact position was sufficiently far from the panel boundaries to ignore the offset. Examination of both the photograph and the C-scan images for this panel reveal a nearly circular region of damage centered around the impact point of the projectile. The average measured diameter of this circular damage region was 1.2 inches which is in good agreement with the 1.38 inch damage diameter predicted in the CTH-MCM simulations. Comparison of this damage pattern reveals that the pattern predicted by the model is not as circular as that observed in the experimental specimen, but is more of a "+" pattern. Observation of the predicted evolution of this damage reveals that this pattern is a direct result of the [0/90] lamination sequence of the panel where the fiber tows are the primary loading carrying members and are aligned perpendicular to one another in the horizontal and vertical directions. This pattern difference is attributed to two aspects. First, the currently implemented failure criterion in the CTH-MCM model does not account for damage in the interstitial resin pockets. Second, fracture mechanics considerations, which are often inherent in laminated materials, are not feasible to numerically account for in the Eulerian hydrocode methodology.
The effect of not having an interstitial resin pocket damage criterion is evidenced based on the work in Bonyi et al. [6] . Examination of the experimental techniques in this body of work show that the "+" damage pattern observed in the CTH-MCM predictions are consistent with the transverse tow crack and tow-tow delamination modes in Bonyi et al. [6] (see Figs. 9 and 11 in Bonyi et al. [6] ). Further observation of the data in Bonyi et al. [6] shows that the damage which fills in each quadrant of the predicted "+" damage pattern to form an overall circular damage pattern is the 45° matrix crack mode which form in the interstitial resin regions between the fiber tows (see Fig. 10 in Bonyi et al. [6] ). Therefore, excluding damage in the interstitial regions of pure resin pockets is the likely reason the numerical simulations did not predict a more circular damage region. The effect of not being able to define discrete delamination planes in the Eulerian hydrocode environment is evidence by the work in Haque et al. [2] where the early time damage pattern due to impact is a "+" pattern similar to those observed in the CTH-MCM predictions (see Fig. 13a -c in Haque et al. [2] ). However, in Haque et al. [2] the later time damage growth is due to discreet delamination planes which were defined within the composite material to allow for crack propagation in these planes as a function of the specified delamination criteria [27] . The culmination of this later time discrete delamination growth results in the final circular patterns (Fig. 13e, f in Haque et al. [2] ). Therefore, the inability to model discrete delamination planes is a second potential source for why the numerical simulations here did not predict a more circular damage region.
A final point of comparison is the darker regions of damage observed in the photograph at and near the impact point. This region is where fiber damage was observed to have occurred in the panel as shown for the impact side in Fig. 9 . Figure 9 also shows a similar fiber damage region predicted by the CTH-MCM model below the defeated projectile. Figure 10 shows the backlit photograph, C-scan image and the CTH-MCM predicted damage pattern for specimen 52. Similar to panel 50 discussed previously, examination of the photograph and C-scan image for this panel reveal a nearly circular region of damage centered around the impact point of the projectile. The average measured diameter of this damage extent was 2.3 inches which is in good agreement with the 2.0 inch damage extent predicted by the model. Comparison of the damage pattern again shows a prediction that is more of a pronounced "+" pattern than the circular pattern observed in the experimental testing. This difference in pattern is attributed to the reasons detailed previously for panel 50. Figure 11 shows the backlit photograph, C-scan image and the CTH-MCM predicted damage pattern for specimen 58. As with the previous panels, a nearly circular region of damage is observed in the tested panel. This damage extent was measured to have a diameter of 1.45 inches which is in good agreement with the model predicted damage extent 1.4 inches. The predicted damage patterns here are different as compared to those for the previous two specimens. Specifically, the predicted damage pattern for this panel is more of a "*" pattern than a "+" pattern. This star-shaped pattern is a result of the quasi-isotropic lamination schedule of specimen 58 which has fiber tows running not only in the 0° and 90° directions but also in the + 45° and − 45° directions. As a result, the agreement between measured and predicted damage patterns are improved here, providing additional support to the hypothesis discussed previously regarding pattern differences for the cross-ply specimens.
Penetrated Panels
The backlit photograph, C-scan image and the CTH-MCM predicted damage pattern for the penetrated specimens 51, 53 and 49 are shown in Figs. 12, 13 and 14, respectively. Similar to the non-penetrated panels, a circular region of damage is observed in each of the experimentally tested panels. The average measured diameter of these damage regions were 3.00, 3.75 and 3.25 inches. Correspondingly, the maximum extent of the predicted damage from the CTH-MCM simulations was 2.36, 3.15 and 2.00 inches. These predicted damage extents are not in as good of agreement with the experimental results as the non-penetrated panels were. Specifically, the predicted damage extents are on average 25% less than the experimentally measured extents. This difference is attributed to the higher energy associated with these penetrating events and the resulting increased delaminations that are being induced.
Comparison of the damage pattern for each of these panels with the pattern predicted by the CTH-MCM model shows very similar trends to those observed in the non-penetrating shots. Specifically, the damage pattern predicted in the [0/90] panels is more of a pronounced "+" pattern corresponding to the fiber tow orientations. Also, for the quasiisotropic panel (panel 49), the observed damage pattern was again more of a "*" corresponding to the fiber tows which run in the 0°, 90°, 45° and − 45° directions. This lamination sequence does result in more of a circular pattern as observed in the experimental results, but the extent is still less than the test data. As with the non-penetrated panels these predicted damage patterns would become more circular with the inclusion of an interstitial resin pocket mode and the ability to include discrete delamination zones.
Conclusions
In this paper we have presented initial equation of state parameters, residual velocity measurements, and impact induced damage (extents and patterns) for S-2 glass/SC15 epoxy composite panels with both [0/90] and quasi-isotropic [0/90/+45/− 45] lamination sequences. The equation of state parameters highlight the relative lack of directional shock response for this woven fabric material, while the impact results are used as initial single hit validation of the CTH-MCM material model and the associated strength and stiffness parameters chosen for the S-2 glass/SC15 material. Comparison of both the penetrate/non-penetrate metric and the residual velocity between the analytical predictions and the experimental data showed excellent agreement. The damage extent predicted for each of the test conditions was in good agreement for each of the non-penetrating cases, while for the penetrating cases the damage extent was somewhat under-predicted. The damage pattern was the primary difference between the numerical predictions and experimental results, where the predicted damage pattern tended to follow the tow orientations of the woven fabric architecture resulting in less circular patterns than observed in the experimental testing. This difference is likely a result of not including the interstitial resin pocket damage mode in the simulations and also the exclusion of discretely defined delamination planes.
